Recent studies have shown that APOBEC3G (A3G), a potent inhibitor of human immunodeficiency virus type 1 (HIV-1) replication, is localized to cytoplasmic mRNA-processing bodies (P bodies). However, the functional relevance of A3G colocalization with P body marker proteins has not been established. To explore the relationship between HIV-1, A3G, and P bodies, we analyzed the effects of overexpression of P body marker proteins Mov10, DCP1a, and DCP2 on HIV-1 replication. Our results show that overexpression of Mov10, a putative RNA helicase that was previously reported to belong to the DExD superfamily and was recently reported to belong to the Upf1-like group of helicases, but not the decapping enzymes DCP1a and DCP2, leads to potent inhibition of HIV-1 replication at multiple stages. Mov10 overexpression in the virus producer cells resulted in reductions in the steady-state levels of the HIV-1 Gag protein and virus production; Mov10 was efficiently incorporated into virions and reduced virus infectivity, in part by inhibiting reverse transcription. In addition, A3G and Mov10 overexpression reduced proteolytic processing of HIV-1 Gag. The inhibitory effects of A3G and Mov10 were additive, implying a lack of functional interaction between the two inhibitors. Small interfering RNA (siRNA)-mediated knockdown of endogenous Mov10 by 80% resulted in a 2-fold reduction in virus production but no discernible impact on the infectivity of the viruses after normalization for the p24 input, suggesting that endogenous Mov10 was not required for viral infectivity. Overall, these results show that Mov10 can potently inhibit HIV-1 replication at multiple stages.
Approximately 33 million people are currently infected with human immunodeficiency virus type 1 (HIV-1) (www.unaids .org). Each year, approximately 2.1 million people die of AIDS, and 2.5 million people become infected. The HIV-1 infections and the resulting AIDS pandemic remains a global crisis due to the inaccessibility of current anti-HIV-1 drugs, the development of drug-resistant viral variants, and the lack of an effective vaccine or antiviral treatments. HIV-1 requires interactions with multiple host proteins for efficient virus replication and pathogenesis (17) . Recently, several functional genomic studies have identified hundreds of host genes with diverse cellular functions that potentially facilitate HIV-1 replication (4, 23, 48, 50) . A thorough understanding of the relationship between HIV-1 and host proteins will increase our knowledge of HIV-1 replication and may facilitate the development of novel anti-HIV-1 drugs.
In addition to host proteins that aid HIV-1 replication, several recently identified host proteins inhibit viral replication. These proteins, called restriction factors, include the APOBEC3G (A3G) and APOBEC3F (A3F) proteins, the TRIM5␣ proteins, and tetherin/BST-2/CD317 (36-38, 42, 49) . Lately, there has been increased interest in the relationship among HIV-1, A3G and A3F, and mRNA-processing bodies (P bodies) (20, 43, 46) . P bodies are discrete cytoplasmic domains that contain proteins involved in diverse posttranscriptional processes, such as mRNA degradation, nonsensemediated mRNA decay, translational repression, and RNAmediated gene silencing (reviewed in references 2, 15, and 33). Suppression of various P body-associated proteins, including DDX6 (also known as RCK/p54), LSM-1, GW182, XRN1, DGCR8, Dicer, and Drosha, has been shown to increase HIV-1 production (7, 31) . Recent evidence suggests that human cellular miRNA-29a represses HIV-1 replication by facilitating the interaction of HIV-1 RNA with DDX6 and Argonaute 2 (Ago2), two proteins associated with the RNA-induced silencing complex (RISC) (31) . Moreover, microscopic evidence has suggested that HIV-1 RNA localizes to P bodies (7, 31) . Interestingly, A3G and A3F also localize to P bodies, and it has been shown that A3G associates with proteins of the RISC, including Ago2, the decapping enzymes DCP1a and DCP2, and DDX6 (20, 25, 46) ; however, the functional relevance of the A3G/A3F association with the P bodies remains unclear.
Mov10, a putative RNA helicase, was previously reported to belong to the DExD superfamily (29) and recently was reported to belong to the Upf1-like group of helicases (16) . Mov10 is a P body marker protein that associates with the Argonaute proteins (Ago1 and Ago2), which are thought to comprise the core of the RISC, as well as A3G, and may be functionally required for microRNA (miRNA)-guided mRNA cleavage (16, 20) . The candidate homologs of Mov10 are the Arabidopsis protein SDE3, an RNA helicase that is required for posttranscriptional gene silencing, and the Drosophila protein Armitage, a putative RNA helicase that is required for the production of the active RISC (13, 14, 40) . Mov10 associates with a multiprotein RISC-containing complex that includes the 60S ribosome and the eukaryotic translation initiation factor eIF6 (9) . Interestingly, the HIV transactivating response RNAbinding protein (TRBP) is also associated with Dicer and Ago2, and the Dicer-TRBP complex facilitates miRNA processing and RISC assembly (10) . Mov10 interacts with the hepatitis delta antigen (HDAg) and may facilitate the RNAdirected transcription of HDAg mRNA (21) . Although the function(s) of Mov10 remains unclear, it was found to be packaged into HIV-1 particles produced from monocyte-derived macrophages (11) .
In order to better understand the cellular role of P bodyassociated proteins and their relationship with HIV-1, we analyzed the effects of overexpression of P body proteins on HIV-1 replication and found that Mov10, but not DCP1a and DCP2, inhibits HIV-1 replication. We also found that Mov10 overexpression inhibits HIV-1 production and is packaged efficiently into viral particles and that infectivity of the virions produced is impaired at least in part at the level of reverse transcription (RT). Contrary to other studies that identified P body-associated proteins as suppressors of HIV-1 replication, the knockdown of Mov10 decreased virus production but had little impact on the virus infectivity. We further demonstrate that Mov10 specifically associates with HIV-1 RNA.
MATERIALS AND METHODS
Plasmid construction. HIV-1-based vector pHDV-EGFP was kindly provided by Derya Unutmaz (New York University) (41) . pHCMV-G expresses the vesiculostomatitis virus envelope glycoprotein G (VSV-G) from a human cytomegalovirus promoter (47) . pC-Help⌬Vif, kindly provided by Klaus Strebel (National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD), is an HIV-1 helper construct that lacks several cis-acting elements needed for viral replication, including the packaging signal and primer-binding site, but expresses all of the viral proteins except Vif, Nef, and Env (30, 39) . pNL4-3 was previously described (1) . For visualization of virus particles, the following constructs were used: pGagCeFP-BglSL (expresses the Gag-CeFP fusion protein and an RNA that contains Bgl stem-loops), pGag-BglSL (expresses Gag as well as an HIV-1 RNA that contains Bgl stem-loops), and pBgl-mCherry (expresses a BglmCherry fusion protein that binds to Bgl stem-loops) (8) . pHIV-1-Gag-mCherry (expresses the Gag-mCherry fusion protein and HIV-1 RNA) was constructed by PCR amplification of mCherry and modification of pHIV-1-Gag-mRFP (12) . pSynGag-mCherry (expresses the codon-optimized Gag-mCherry fusion protein and an RNA that has no significant homology with HIV-1 gag sequence) was constructed by PCR amplification of mCherry and modification of pSYNGP (24) . mRFP1 was previously described (5). pEGFP-N1 was obtained from Clontech.
P body marker expression vectors pF-Mov10, pF-DCP1a, pF-DCP2, and pF-DDX6 were constructed by PCR amplification of Mov10, DCP1a, DCP2, and DDX6 cDNAs (obtained from Open Biosystems), respectively, and contained an N-terminal flag epitope (DYKDDDDK). pFLAG-A3G (here referred to as pF-A3G), pcDNA-EYFP-A3G (here referred to as pYFP-A3G), pA3G-NY, pA3G-CY, pHIV-1-Gag-NY, pHIV-1-Gag-CY, and pcDNA-APO3G were described previously (18, 22, 34) . The N-terminal Venus yellow fluorescent protein (YFP)-tagged P body marker expression plasmids pYFP-Mov10, pYFP-DCP1a, and pYFP-DCP2 were constructed by modification of pYFP-A3G. The N-terminal monomeric red fluorescent protein (mRFP)-tagged A3G expression plasmid was constructed by first amplifying mRFP from the previously described pHIV-1-Gag-mRFP (12) and modifying pYFP-A3G. The mRFP-Mov10, mRFPDCP1a, and mRFP-DCP2 expression plasmids were constructed by modifying mRFP-A3G.
Cell culture. Human 293T, HeLa, and TZM-bl, which encodes a firefly luciferase reporter gene under the control of the HIV-1 Tat responsive promoter (45) , were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and penicillin-streptomycin (50 U and 50 g per ml, respectively).
Confocal microscopy. HeLa cells (2.5 ϫ 10 5 cells per 35-mm glass-bottom dish [MatTek]) were cotransfected with mRFP-A3G (0.75 g) and pYFP-DCP1a, pYFP-DCP2, or pYFP-Mov10 (0.75 g) using the FuGene6 transfection reagent (Roche). Live-cell imaging was performed at 37°C and 5% CO 2 at 16 h posttransfection using laser scanning confocal microscopy (Olympus FluoView FV1000).
Transfection and virus production. Transfections were carried out with the polyethylenimine (PEI) transfection reagent (Sigma), as previously described (3, 35) . Human 293T cells (8 ϫ 10 5 cells per well in six-well plates) were cotransfected with pHDV-EGFP (3.33 g), pHCMV-G (0.67 g), and various amounts of P body marker expression plasmids. In some experiments, pC-Help⌬Vif (2.5 g) was also transfected; pUC19 or empty pcDNA3.1vector was used to maintain equivalent amounts of transfected DNA. When necessary, viruses were concentrated by up to 100-fold by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C.
Virus infectivity. The virus-containing supernatant was collected at 48 h posttransfection and filtered through a 0.45-m filter, and the p24 capsid (CA) amount was determined by enzyme-linked immunosorbent assay (ELISA; PerkinElmer). Infection of TZM-bl cells (4 ϫ 10 3 cells per well in 96-well plates) with virus preparations containing 5 ng of p24 CA and luciferase enzyme activity determinations at 72 h postinfection were carried out as previously described (34) .
To determine the effect of P body markers in target cells on HIV-1 infection, 293T cells (8 ϫ 10 5 cells per well in six-well plates) were cotransfected with 0.67 g of the following expression plasmids using the PEI method: mRFP1, mRFP-A3G, mRFP-Mov10, mRFP-DCP1a, or mRFP-DCP2. A fraction of the transfected cells (one-sixth) were collected at 48 h posttransfection, reseeded, and infected with VSV-G-pseudotyped HDV-enhanced green fluorescent protein (EGFP) virus (100 ng p24 CA). The cells were fixed with 100 l 4% paraformaldehyde at 48 h postinfection and analyzed by flow cytometry (BD Biosciences) for cellular EGFP and mRFP expression (FlowJo software).
Western blot analysis. Virus samples and cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. Total cell protein concentrations were determined using a Bradford assay (Bio-Rad). The Flag-tagged proteins were detected using a rabbit anti-FLAG polyclonal antibody (Sigma), followed by a horseradish peroxidase (HRP)-labeled goat anti-rabbit secondary antibody (Sigma); p24 CA proteins were detected using a mouse anti-HIV-1 p24 Gag monoclonal antibody (HIV-1 p24 Gag monoclonal kindly provided from Michael H. Malim, AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH), followed by a HRP-labeled goat anti-mouse secondary antibody (Sigma); the myc-tagged proteins were detected using a mouse anti-c-Myc antibody (Sigma), followed by a HRP-labeled goat anti-mouse secondary antibody. To verify equivalent input of cell lysates, ␣-tubulin was also detected using mouse anti-␣-tubulin antibody (Sigma), followed by a HRP-labeled goat anti-mouse secondary antibody. Protein bands were visualized using the Western Lightning Chemiluminescence Reagent Plus kit (PerkinElmer).
For quantitative Western blot analysis, total cell lysates (5 g, unless stated otherwise) and immunoprecipitates were analyzed by SDS-PAGE. Flag-tagged proteins, p24 CA, and ␣-tubulin were detected using the primary antibodies described above, followed by an infrared dye-labeled (800CW) goat anti-rabbit secondary antibody or an infrared dye-labeled (680) goat anti-mouse secondary antibody (Li-Cor). Endogenous Mov10 or transfected F-Mov10 proteins were detected using a rabbit anti-Mov10 antibody (Novus Biologicals), followed by an 800CW-labeled goat anti-rabbit secondary antibody. EGFP was detected using an anti-GFP antibody (Sigma), followed by an 800CW-labeled goat anti-rabbit secondary antibody. The integrated signal intensities of the protein bands were calculated using the Odyssey system (Li-Cor).
siRNA knockdown of Mov10. For small interfering RNA (siRNA) knockdown of Mov10, 293T cells (7 ϫ 10 5 cells per well in six-well plates) were transfected with 25 nM Silencer select control and Mov10 siRNAs (Ambion) using TransIT-TKO transfection reagent (Mirus Bio) and incubated for 48 h. A fraction of the transfected cells (one-sixth) were collected at 48 h posttransfection, reseeded, and transfected with pHDV-EGFP (1.0 g), pHCMV-G (0.2 g), and the siRNAs (25 nM) in order to produce virus and maintain Mov10 knockdown. Total RNA was also extracted from the other fraction of cells using the RNeasy minikit (Qiagen) and treated with DNase (Turbo DNA-free kit; Ambion). HIV-1 RNA (U5 target sequence) was detected on the Roche LightCycler 480 using the LightCycler 480 RNA master hydrolysis probes reaction mix (Roche), with the forward and reverse primers as previously described (28) . Cellular porpho-bilinogen dehydrogenase (PBGD) RNA was used to normalize for RNA input and was detected as previously described (28) .
Single-virion analysis using fluorescent microscopy. Single-virion analysis was performed as described previously (8) and used to directly visualize virion incorporation of YFP-tagged P body proteins, measure virus production, and calculate RNA packaging efficiency. Briefly, 293T cells (9 ϫ 10 5 cells per well in six-well plates) were cotransfected with pGagCeFP-BglSL (0.25 g), pGagBglSL (0.25 g), and pBgl-mCherry (1.0 g) and increasing amounts of pYFP-A3G, pYFP-Mov10, pYFP-DCP1a, or pYFP-DCP2 (0.25, 0.5, or 1.0 g of pYFP-A3G and pYFP-Mov10 and 0.5 or 1.0 g of pYFP-DCP1a and pYFP-DCP2) using FuGene HD transfection reagent (Roche). Empty pcDNA3.1 was used to maintain equivalent amounts of transfected DNA. The virus-containing supernatant was harvested at 16 h posttransfection, mixed with Polybrene, and incubated in a 35-mm-glass-bottom dish (MatTek) for 2 h at 37°C with 5% CO 2 . Epifluorescent microscopy was used to visualize virus-like particles (VLPs); CeFP (Gag), mCherry (HIV-1 RNA), and YFP (P body protein) signal analysis and colocalization were performed as previously described (8) . A minimum of 5 images were taken for each sample. Merged and pseudocolored images were generated using ImageJ software. P body protein packaging efficiency was calculated by determining the percentage of CeFP ϩ mCherry ϩ particles that contained the YFP signal. RNA packaging efficiency was calculated by determining the percentage of CeFP ϩ particles that contained the mCherry signal. Linearity of the assay for quantitation of virus production was determined by analyzing serial dilutions of three virus samples; an average of 5 pictures was taken for each sample. The cells were collected at 18 h posttransfection and analyzed by flow cytometry for cellular YFP expression, as described above. To determine whether the YFP-tagged P body markers packaged into particles produced in the absence of HIV-1 RNA, 293T cells were cotransfected with pSYNGP (0.25 g), pHIV-1-Gag-mCherry (0.25 g), or pSynGag-mCherry (0.25 g) and 1 g of YFP-A3G, YFP-Mov10, YFP-DCP1a, or YFP-DCP2 expression plasmids. P body protein packaging efficiency was calculated by determining the percentage of mCherry ϩ (Gag) particles that contained the YFP signal.
Coimmunoprecipitation of RNA. For immunoprecipitation of RNA, 293T cells (4 ϫ 10
6 cells per 10-cm-diameter dish) were transfected with pHDV-EGFP (7.0 g) and either pcDNA3.1 (control), pF-A3G (3.0 g), pF-Mov10 (18.0 g), pF-DCP1a (12.0 g), or pF-DDX6 (12.0 g), a known RNA helicase that associates with P bodies and HIV-1 RNA (31). F-DCP2 could not be immunoprecipitated using an anti-Flag antibody and therefore was not used in this experiment (data not shown). Total cellular RNA was extracted from 10% of the cells at 48 h posttransfection and DNase treated for 30 min, and HIV-1, 7SL, and PBGD RNAs were quantified using real-time reverse transcription-PCR (RT-PCR). HIV-1 and PBGD RNAs were measured as described above, and 7SL RNA was detected using a probe (7SL-Pr) and forward and reverse primers (7SL-F and 7SL-R, respectively) as previously described (32) . The remaining 90% of the cells were lysed in the presence of RNaseOUT (Invitrogen) to minimize RNA degradation and used for Western blotting and immunoprecipitation using anti-Flag M2 affinity gel (Sigma). The immunoprecipitates were used for Western blotting and total RNA extraction, and the RNA was analyzed for HIV-1 RNA (U5 target sequence) and 7SL RNA using real-time RT-PCR.
Quantitative real-time PCR analysis of reverse transcription. The real-time PCR assays were performed as previously described, with some modifications (26) (27) (28) . Briefly, 293T cells (3 ϫ 10 6 cells per 10-cm-diameter dish) were cotransfected with the following plasmids using the CalPhos mammalian transfection kit (Clontech): pHDV-EGFP (10 g), pHCMV-G (2 g), and either pF-A3G (2 g) or pF-Mov10 (4 g). Empty pcDNA3.1 was used as the vector control and to maintain equivalent amounts of transfected DNA. Virus samples were concentrated 20-fold by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C, and 293T cells (2 ϫ 10 5 cells in 60-mm-diameter dishes) were infected with virus preparations containing 150 ng of p24 CA. Heat-inactivated virus (65°C for 1 h) was used to infect cells in parallel to determine the level of contamination with transfected DNA, which was Ͻ1% of the copy numbers obtained with infectious virus. Total cellular DNA was isolated at 6, 24, and 120 h postinfection using the QIAamp DNA blood minikit (Qiagen) and treated with DpnI (New England Biolabs) prior to real-time PCR to degrade plasmid DNA carried over from the transfections. The viral DNA early products (RU5), minus-strand transfer (U3U5) products, late products (U5), and host CCR5 copy numbers were determined using the LightCycler 480 DNA probes master reaction mix (Roche) and the primer-probe sets as previously described (28) . Relative integration efficiency was determined as the proportion of late RT product 6 h after infection to the late RT product after 5 days. Relative infectivity was determined at 48 h postinfection by flow cytometric quantitation of GFP ϩ cells.
RESULTS

A3G colocalizes with P body marker proteins.
To determine the intracellular localization of A3G and P body markers, HeLa cells were cotransfected with the mRFP-A3G expression plasmid and YFP-DCP1a, YFP-DCP2, or YFP-Mov10 expression plasmids. Confocal microscopy of the transfected live cells at 16 h posttransfection showed that the mRFP-tagged A3G colocalized with all YFP-tagged P body markers used in this experiment, confirming previous reports of A3G localization to P bodies (20, 46) (Fig. 1A) .
Effects of P body marker proteins on HIV-1 infectivity and their virion incorporation. To explore the effects of P body markers on HIV-1 infectivity, viral particles were produced from 293T cells cotransfected with pHDV-EGFP, pCHelp⌬Vif, and F-A3G, F-Mov10, F-DCP1a, or F-DCP2 expression plasmids, and equivalent amounts of p24 CA were used to infect TZM-bl cells. The results showed that both A3G and Mov10 decreased virus infectivity in a dose-dependent manner relative to the empty vector control, although A3G was a more potent inhibitor than Mov10 (Fig. 1B) . Western blot analysis of the transfected cell lysates showed that all P body marker proteins were expressed (Fig. 1C) . Analysis of concentrated virions showed that A3G and Mov10 proteins were packaged into virus particles, but packaging of DCP1a and DCP2 could not be detected (Fig. 1C) .
Mov10 inhibits replication-competent HIV-1. To explore whether the HIV-1 proteins Vif, Nef, Vpu, Vpr, and Env affect the ability of Mov10 to inhibit virus replication, HDV-EGFP and NL4-3 viral particles were produced with increasing amounts of the F-Mov10 expression plasmid, and the infectivity of the viruses was determined (Fig. 2A) . The expression of F-Mov10 in the viral producer cells decreased the infectivity of both the NL4-3 and HDV-EGFP viruses in a dose-dependent manner, indicating that expression of the viral accessory proteins and HIV-1 Env did not suppress the inhibitory effects of Mov10.
Investigation of potential interactions between A3G and Mov10. To explore potential synergistic or antagonistic interactions between A3G and Mov10, HDV-EGFP particles were produced with increasing amounts of pF-A3G in either the presence or absence of a fixed amount of pF-Mov10, and the infectivity of viruses after normalization for p24 CA was determined (Fig. 2B) . The results indicated that the inhibitory effects of A3G and Mov10 were additive. Coexpression of F-Mov10 did not affect the inhibitory effects of F-A3G, since the fold reductions in infectivity at various concentrations of pF-A3G were not significantly different in the presence or absence of pF-Mov10 (t test; P of Ͼ0.05 for all F-A3G plasmid amounts).
Effect of P body marker protein expression in target cells on HIV-1 infectivity. To determine whether Mov10 affects HIV-1 infection in the target cells, we transfected 293T cells with plasmids that expressed mRFP, mRFP-A3G, mRFP-Mov10, mRFP-DCP1a, and mRFP-DCP2; 48 h later, we infected the transfected cells with HDV-EGFP and determined the percentage of mRFP ϩ and mRFP Ϫ cells that also expressed EGFP by fluorescence-activated cell sorter (FACS) analysis (Fig. 2C) experiments; similarly, the percentages of mRFP Ϫ cells that were EGFP ϩ were also similar. The results indicated that expression of the P body marker proteins in the target cells of infection did not alter the infectivity of HIV-1.
Effect of A3G and Mov10 on proteolytic processing of HIV-1 Gag. To explore the mechanism by which Mov10 reduced viral infectivity, HIV-1 virions produced in the presence of empty vector, F-A3G, or F-Mov10 were lysed, and the virion proteins were analyzed by Western blotting using an anti-p24 CA antibody (Fig. 2D) . The major product observed was the fully processed p24 CA protein. In addition, the amounts of unprocessed p55 Gag protein as well as a partially processed protein, presumably consisting of matrix plus CA (p41) or CA plus p2 plus nucleocapsid plus p1 plus p6 (p39), were significantly increased in the presence of F-A3G and F-Mov10. This result suggested that while the majority of HIV-1 Gag protein is fully processed in our experiments, overexpression of F-A3G and F-Mov10 in the virus-producing cells decreased the efficiency of HIV-1 Gag processing.
Effects of Mov10 on HIV-1 production and infectivity. To further explore the effects of Mov10 overexpression on HIV-1 infectivity, we transfected 293T cells with increasing amounts of F-Mov10 expression plasmid and measured virus production and virus infectivity (Fig. 3A) . Mov10 overexpression decreased virus production as the F-Mov10/HIV-1 DNA ratio increased, as determined by p24 CA levels in the culture supernatant, and ranged from 2.4-to 16.7-fold. The virus infectivity was also reduced by 3.7-to 15.0-fold, resulting in a total inhibition of 8.8-to 250-fold. We also observed a decrease in the steady-state levels of cellular Gag (p55) and a corresponding decrease in viral Gag (p55 plus p24) upon increasing the amounts of F-Mov10 (Fig. 3B and C) , indicating that the decrease in virus production was due to a decrease in the cellular levels of Gag and not a defect in virus release. There was an increase in viral p55 Gag levels (Fig. 3D ) upon increasing the amounts of F-Mov10 expressed in the virus producer cells, indicating that the defect in proteolytic processing of viral Gag increased in a dose-dependent manner.
Effect of siRNA-mediated knockdown of endogenous Mov10 on HIV-1 expression and infectivity. To explore the effects of Mov10 depletion on HIV-1 replication, siRNAs were used to knock down endogenous Mov10 in 293T cells, the cells were cotransfected 48 h later with the HIV-1 vector pHDV-EGFP and pHCMV-G, and the effects on HIV-1 RNA and Gag expression, virus production, and virus infectivity were determined (Fig. 4A) . Western blot analysis of the cells transfected with the TKO reagent only, with control siRNA, and Mov10 siRNA indicated that the Mov10 siRNA treatment reduced the 5  g) , pHCMV-G (0.67 g), and different amounts (0 to 0.67 g) of Flag-tagged P body protein expression plasmids. Culture supernatants containing 5 ng of p24 CA were used to infect TZM-bl indicator cells, and luciferase activity was determined. The average infectivities are shown relative to the empty vector control (set to 100%). Error bars represent the standard errors from two independent experiments. (C) Virion incorporation of P body-associated proteins. Total cell lysates and concentrated virus preparations containing 30 ng of p24 CA were analyzed by Western blotting using anti-Flag and anti-p24 CA antibodies. The protein input for cell lysates was normalized using ␣-tubulin.
steady-state levels of Mov10 by approximately 80% (Fig. 4B) . There was nearly a 2-fold reduction in HIV-1 RNA compared to those in the TKO reagent-and control siRNA-transfected cells (Fig. 4C ) (t test; P of Ͻ0.05). This reduction in RNA likely resulted in a reduction in the steady-state levels of intracellular Gag (Fig. 4D) . The p24 CA levels in the culture supernatant were reduced by nearly 2-fold (Fig. 4E ) (t test; P of Ͻ0.05). Infection of TZM-bl cells with equivalent p24 CA amounts of virus indicated no differences in virus infectivity, implying that the endogenous levels of Mov10 in 293T producer cells do not significantly affect the efficiency of virus infection.
Virion incorporation efficiency of P body marker proteins.
Although the Western blot analysis shown in Fig. 1C indicated that Mov10 is packaged into virions, the proportion of virions that packaged Mov10 (defined here as the packaging efficiency) could not be determined. We therefore used singlevirion analysis to determine the packaging efficiency of YFPtagged P body proteins (Fig. 5 ). Viruses were produced from 293T cells that express HIV-1 RNAs containing Bgl stem-loops (e.g., pGag-BglSL and pGagCeFP-BglSL) as well as HIV-1 Gag or HIV-1 Gag-CeFP fusion proteins, along with a plasmid (pBgl-mCherry) that expresses an mCherry-tagged RNA bind- 33 g ) and pHCMV-G (0.67 g), and increasing amounts (0 to 0.67 g) of F-A3G expression plasmid were present during virus production in either the absence or presence of 0.67 g of the F-Mov10 expression plasmid. Culture supernatants containing 5 ng of p24 CA were used to infect TZM-bl cells, and luciferase activity was determined. For viruses with different amounts of F-A3G but no F-Mov10, the data are plotted as relative infectivities, with the control virus (empty vector) set to 100%. For viruses with different amounts of F-A3G and a fixed amount of F-Mov10, the data are plotted as relative infectivities, with the virus having no F-A3G but with F-Mov10 set to 100%. Error bars represent standard errors from two independent experiments. (C) mRFP-Mov10 expression in target cells does not inhibit HIV-1 infection. Plasmids expressing mRFP-tagged P body-associated proteins were transfected into 293T cells; 48 h later, the transfected cells were infected with VSV-G pseudotyped pHDV-EGFP, and the proportions of mRFP Ϫ and mRFP ϩ cells that were EGFP ϩ were determined by FACS analysis. An mRFP expression vector was used as the control (set to 100%). Error bars represent standard errors from three independent experiments. (D) Effect of F-A3G and F-Mov10 on proteolytic processing of HIV-1 Gag. 293T cells were cotransfected with pHDV-EGFP (10 g) and empty vector, F-A3G (2 g), or F-Mov10 (4 g) expression plasmids. Virions were lysed, and the virion proteins (35 or 25 ng of p24 CA) were analyzed by Western blotting using an anti-p24 CA antibody. (Fig. 5A) . No signal was detected in the YFP channel, indicating low background. Next, virus-like particles (VLPs) produced in the presence of expression plasmids for YFP-A3G, YFP-Mov10, YFP-DCP1a, or YFP-DCP2 were analyzed (Fig. 5B) . A high proportion of VLPs produced in the presence of YFP-A3G and YFP-Mov10 contained the YFP signal along with the CeFP and mCherry signal (merged and shifted panels labeled YFP-A3G and YFPMov10), but very few VLPs produced in the presence of YFPDCP1a and YFP-DCP2 contained the YFP signal (merged and shifted panels labeled YFP-DCP1a and YFP-DCP2). We determined the efficiency with which the P body proteins were packaged into VLPs by quantifying the number of VLPs (defined as the particles that contain both CeFP [HIV-1 Gag] and mCherry [HIV-1 RNA] signals) that contained the YFP signal (Fig. 5C ). The efficiency of YFP-A3G and YFP-Mov10 ranged from 70 to 88% and was dependent on the amounts of the P body protein expression plasmid transfected, indicating that these proteins were packaged efficiently. YFP-DCP1a and YFP-DCP2 were packaged into VLPs much less efficiently than YFP-A3G or YFP-Mov10 (1 to 2% and 10 to 17% of VLPs, respectively). Cellular expression of YFP-A3G, YFPMov10, YFP-DCP1a, and YFP-DCP2 were within 2-fold of each other (Fig. 5D ). Effect of P body marker proteins on virion production and viral RNA packaging. We used single-virion analysis to determine the effects of P body marker proteins on VLP production by quantifying the number of Gag-CeFP particles per field FIG. 3 . Effect of Mov10 overexpression on virus production, infectivity, intracellular Gag, and Gag processing. (A) Effect of Mov10 overexpression on virus production and infectivity. 293T cells were cotransfected with pHDV-EGFP (10 g for the F-Mov10/pHDV-EGFP ratios of 0.2, 0.4, and 1, and 5 g for the ratio of 2), pHCMV-G (2 g), and increasing amounts (0 to 10 g) of the F-Mov10 expression plasmid. Culture supernatants were concentrated 40-fold by ultracentrifugation, and the p24 CA levels in the supernatant were determined by ELISA. Serial dilutions of the virus were used to infect TZM-bl indicator cells, and luciferase activity was determined. The data are plotted as the levels of relative p24 CA proteins and relative infectivities, with the control virus (empty vector) set to 100%. (B) Quantitative Western blot analysis of cellular and viral Gag using an anti-p24 CA antibody. Different amounts (5 and 2.5 g; numbers shown above lanes) of cell lysates were loaded to facilitate protein quantitation. The lanes are labeled as described in the legend to panel A to indicate the ratio of F-Mov10 to pHDV-EGFP DNA used for transfections. The protein input was normalized using ␣-tubulin. For the virus blotting, different dilutions (1ϫ or 0.5ϫ; numbers shown above lanes) of the concentrated virus were loaded to facilitate protein quantitation. (C) Quantitation of cellular and viral Gag levels with an increasing ratio of F-Mov10 to pHDV-EGFP DNA used for transfections. The integrated signal intensities of the p55 Gag and p24 Gag bands shown in panel B were determined for total cellular Gag (p55) and viral Gag (p55 plus p24) and shown relative to the empty vector control (set to 100%). (D) Effect of F-Mov10 on viral Gag processing. Viral Gag processing was determined by calculating the percentage of p55 of the total Gag (p55 plus p24) using the signal intensities of the Gag bands shown in panel B. These data were then plotted as percentages of the control virus. Error bars represent standard errors from two independent experiments. (Fig. 5E) . VLP production was inhibited in cells expressing YFP-A3G and YFP-Mov10 in a dose-dependent manner but not by cells expressing YFP-DCP1a and YFP-DCP2. We also verified that the VLP quantitation was within the linear range of the assay by analyzing 2-fold serial dilutions of three independent VLP samples (Fig. 5F ). In addition, the relative levels of CeFP ϩ particles per field were similar to the relative viral Gag levels in the culture supernatant, as determined by quantitative Western blot analysis (see Fig. S1 in the supplemental material), indicating that the virus production measurements obtained from single-virion analysis were in agreement with those obtained by Western blotting. When comparing equiva- (Fig. 5D) , YFP-Mov10 (1.0 g DNA) decreases virus production by almost 90%, whereas YFP-A3G (0.5 g DNA) decreases virus production by nearly 40%. YFP-DCP1a and YFP-DCP2 expression had no effect on virus production. The majority of the virus particles (Ͼ85%) that were produced from cells expressing the YFP-tagged P body markers contained the mCherry signal, indicating that most of the viruses produced in the presence of the P body markers packaged HIV-1 RNA (Fig. 5G) . Taken together, the single-virion analyses showed that YFP-Mov10 reduces VLP production and is efficiently packaged into HIV-1 VLPs.
Virion incorporation of P body marker proteins in the absence of HIV-1 RNA. To determine the efficiency with which P body proteins were packaged into particles in the absence of HIV-1 RNA, viruses were produced from 293T cells that were cotransfected with plasmids that express a Gag-mCherry fusion protein and also express an HIV-1 RNA (pHIV-1-GagmCherry) or an RNA that does not have significant homology to the HIV-1 gag sequence (pSynGag-mCherry). We determined the efficiency with which the P body proteins were packaged into VLPs by quantifying the number of VLPs (defined as the particles that contain mCherry [HIV-1 Gag]) that contained the YFP signal (Fig. 5H) . YFP-A3G and YFP-Mov10 packaged efficiently into VLPs in the presence of an HIV-1 RNA (83 and 75%, respectively), whereas YFP-DCP1a and YFP-DCP2 packaged much less efficiently (Ͼ1 and 6%, respectively). YFP-A3G and YFP-Mov10 also packaged into particles produced in the absence of HIV-1 RNA (66 and 33%, respectively, in the presence of SynGag-mCherry), albeit with a lower efficiency than in the presence of HIV-1 RNA. Overall, these results indicate that HIV-1 RNA is not required for A3G and Mov10 incorporation into HIV-1 VLPs but may increase the efficiency of their virion incorporation.
Effect of Mov10 on Gag and EGFP expression. To determine whether the effect of YFP-Mov10 expression on the steadystate levels of HIV-1 Gag was specific for HIV-1 Gag or that expression had a general effect on other cellular proteins, we cotransfected 293T cells with a control plasmid, YFP-Mov10, or YFP-DCP1a along with HIV-1 Gag (pGag-BglSL) and a plasmid that expresses EGFP (pEGFP-N1). We then determined the steady-state levels of HIV-1 Gag, EGFP, and ␣-tubulin by quantitative Western blot analysis (Fig. 6A and B) . The results showed that YFP-Mov10 expression reduced the steady-state levels of both HIV-1 Gag and EGFP to 40% and 50%, respectively, compared to that of the control plasmid. In on January 14, 2018 by guest http://jvi.asm.org/ contrast, YFP-Mov10 did not affect the intracellular steadystate levels of ␣-tubulin. YFP-DCP1a had no effect on the intracellular steady-state levels of HIV-1 Gag, EGFP, or ␣-tubulin. These results indicated that the effect of YFP-Mov10 expression on the protein steady-state levels is not specific for HIV-1 Gag and may be a general effect that includes other cellular proteins. Association of P body marker proteins with HIV-1 RNA. To determine if the P body proteins are associated with HIV-1 RNA, 293T cells were cotransfected with pHDV-EGFP and expression plasmids for F-A3G, F-Mov10, F-DCP1a, or F-DDX6. Western blot analysis showed that all of the P body marker proteins were expressed (data not shown). The cell lysates were subjected to immunoprecipitation; quantitative Western blot analysis of the immunoprecipitated proteins showed that the levels of immunoprecipitated F-Mov10, F-DCP1a, and F-DDX6 were 6.2-, 6.7-, and 5.2-fold lower than the levels of immunoprecipitated F-A3G (Fig. 7A) . The intracellular levels of HIV-1 RNA were quantified in the cells cotransfected with F-A3G, F-Mov10, F-DCP1a, and F-DDX6 (Fig. 7B) . RNA was extracted from the immunoprecipitates, and the coimmunoprecipitated RNA was quantified by realtime RT-PCR and normalized to the cellular expression and the immunoprecipitated protein amount (Fig. 7C) . Relative to the amount of HIV-1 RNA that coimmunoprecipitated with F-A3G, more HIV-1 RNA was associated with F-Mov10 (231%), less RNA was associated with F-DDX6 (28%), and little or no RNA was associated with F-DCP1a (3%). Compared to the amount of 7SL RNA associated with F-A3G (set to 100%), some 7SL RNA was associated with F-Mov10 (21%), whereas little to no 7SL RNA associated with F-DCP1a (2%) or F-DDX6 (2%). The immunoprecipitated HIV-1 RNA and 7SL RNA levels for the control (empty pcDNA3.1 vector) were significantly lower than that for F-A3G (Ͻ1%), indicating low nonspecific RNA binding (data not shown).
Effect of Mov10 overexpression on reverse transcription. To determine the effect of Mov10 overexpression on viral replication, we performed real-time PCR analysis of reverse transcription products derived from virions produced in the presence of control vector, F-A3G, or F-Mov10. In these experiments, the viral infectivity was reduced to Ͻ1% and 7% of the control in the presence of F-A3G and F-Mov10, respectively (Fig. 8A) . Early reverse transcription products quantified using the RU5 primer-probe set were reduced to 49% in the presence of F-A3G but were not significantly reduced in the presence of F-Mov10 (80%) (Fig. 8B) . Reverse transcription products detected using the U3R primer-probe set, which detects products near the 3Ј end of the genome, were reduced to 32 and 34% of the control in the presence of F-A3G and F-Mov10, respectively (Fig. 8C) . Analysis of the late reverse transcription products near the 5Ј end of the genome with the U5 primer-probe set indicated that F-A3G and F-Mov10 reduced the late reverse transcription products to 12% and 20% the control, respectively (Fig. 8D) . These results indicated that the presence of Mov10 did not have much effect on the initiation of reverse transcription but progressively inhibited later stages of reverse transcription. To determine whether the presence of Mov10 inhibited HIV-1 DNA integration, we compared the ratio of the amounts of the U5 products at 5 days after infection and 6 h after infection (Fig. 8E) . As expected, the presence of F-A3G reduced viral DNA integration to 49%; however, the presence of F-Mov10 had no effect on HIV-1 DNA integration. Quantitation of early reverse transcription products using an RU5 primer-probe set. (C) Quantitation of minus-strand transfer products using a U3R primer-probe set. (D) Quantitation of late reverse transcription products using a U5 primer-probe set. (B to D) All reverse transcription products were detected at 6 h postinfection; the HDV-EGFP copy numbers in the absence of F-A3G or F-Mov10 ranged from 14,800 to 30,200 and were set to 100%. CCR5 gene copy numbers were determined and used to normalize for the DNA input. Control HDV-EGFP was heat inactivated and used in a parallel infection to determine the background from carryover of transfected DNA (Ͻ3%). The schematics show viral RNA (thick line), viral DNA (thin line), and approximate locations of the primer-probe sets (thin arrows and black and white circles). (E) Relative integration determined by comparing the U5 product accumulation at 120 h to the U5 product accumulation at 6 h. Integration efficiency in the absence of F-A3G or F-Mov10 was set to 100%. Error bars represent standard errors from two independent experiments. Asterisks indicate statistically significant differences from the control (t test; P Ͻ 0.05).
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on January 14, 2018 by guest http://jvi.asm.org/ replication at multiple stages, which include virus production, proteolytic processing of HIV-1 Gag, and reverse transcription. We observed that overexpression of Mov10 in 293T cells resulted in dose-dependent decreases in virus production (2-to 17-fold) and virus infectivity (4-to 15-fold), thereby inhibiting viral replication by 9-to 250-fold. The virus production defect was at least partly due to a reduction in the steady-state levels of intracellular Gag; additional studies are needed to determine whether the reduction in Gag expression is due to a reduced rate of synthesis or an increased rate of degradation. Our observation that Mov10 overexpression results in the reduction of Gag and EGFP implies that Mov10 did not specifically affect HIV-1 Gag but also affected the steady-state levels of other cellular proteins. Mov10 has been reported to be associated with the eukaryotic translational initiation factor eIF6, which suppresses ribosomal subunit association and inhibits translation (6, 9) ; in addition, our results show that Mov10 associates with HIV-1 RNA, suggesting that Mov10 may reduce the amount of HIV-1 RNA available for translation. However, this hypothesis remains to be explored. We also observed that Mov10 was efficiently packaged into virions. Overexpression of Mov10 in the virus-producing cells correlated with a reduced efficiency of reverse transcription and proteolytic processing of HIV-1 Gag. Virions produced in the presence of Mov10 did not exhibit a defect in the initiation of reverse transcription but did exhibit reduced production of late reverse transcription products. Additional studies are needed to determine the mechanism by which Mov10 inhibits reverse transcription. Mov10 did not inhibit viral DNA integration and did not increase the viral mutation rate (data not shown). The reduction in late reverse transcription products (5-fold) did not fully account for the reduction in viral infectivity (14-fold), suggesting that other steps in viral replication may be inhibited.
Although the knockdown of endogenous Mov10 led to a nearly 2-fold reduction in virus production, there was no discernible impact on the infectivity of the viruses after normalization for the p24 input. The results of Mov10 knockdown are in contrast to previous reports that suppression of several other P body-associated proteins, including DDX6, LSM-1, XRN1, DGCR8, Dicer, and Drosha, increases HIV-1 production (7, 31) .
Our results show that Mov10 specifically interacts with HIV-1 RNA and that Mov10 virion incorporation is as efficient as A3G virion incorporation. We also demonstrate that HIV-1 RNA is not essential for Mov10 virion incorporation but may increase the efficiency of virion incorporation. Additional studies are needed to determine whether Mov10's RNA binding ability is essential for virion incorporation. However, overexpression of DDX6, another P body marker protein and a known RNA helicase, in 293T producer cells did not significantly inhibit the infection efficiency of HDV-EGFP (data not shown). Therefore, the RNA binding activity of Mov10 is likely to be necessary but not sufficient to explain its inhibitory effect on virus infectivity.
The results of our studies are in general agreement with those recently reported (19, 44) . Specifically, our studies agree that Mov10 overexpression results in a reduction of HIV-1 infectivity. Our results confirm the observation of Furtak et al. (19) that Mov10 overexpression results in a reduction in virus production and the observations of Wang et al. (44) that Mov10 is packaged into virions and that Mov10 does not inhibit HIV-1 replication in target cells. In addition, our studies provide several new insights and show that Mov10 virion incorporation is as efficient as A3G incorporation, that Mov10 overexpression is associated with a reduction in proteolytic processing, that Mov10 overexpression is associated with a reduction in the steady-state levels of HIV-1 Gag and other cellular proteins, and that Mov10 is associated with HIV-1 RNA.
Furtak et al. (19) and Wang et al. (44) performed Mov10 knockdown experiments and observed a 2-fold decrease and 3-fold increase in virion infectivity, respectively; we observed a 2-fold reduction in virus production but no effect on the infectivity of the virions produced. Thus, our conclusion that Mov10 knockdown has little or no effect on virus production or infectivity and their conclusions that Mov10 knockdown modestly affects viral infectivity differ slightly with respect to the interpretation of similar results. It is also possible that differences in the efficiency of knockdown may have resulted in the minor differences in virus infectivity (2-fold reduction versus no effect). Furtak et al. (19) and Wang et al. (44) observed a defect in the initiation of reverse transcription, while we did not observe a significant decrease in the amounts of early reverse transcription products. This difference in the results may have been due to differences in the levels of Mov10 expressed in the virus producer cells. All three studies observed a decrease in late viral reverse transcripts.
In summary, Mov10 overexpression results in potent inhibition of HIV-1 replication at multiple stages of replication, which include virus production, proteolytic processing of Gag, and reverse transcription. Additional studies that further elucidate the interactions between Mov10 and HIV-1 replication may provide insights into host defense mechanisms and HIV-1 strategies for overcoming these defenses.
